There are currently no longitudinal data describing the pre-and postoperative postural regulation and stability of patients with anterior cruciate ligament (ACL) damage. Therefore, the aim of this study was to evaluate postural regulation and stability prior to and during rehabilitation following surgery of the ACL. Fifty-four physically active subjects (age: 30.5± 10.9 years, 29 male subjects) were examined with the Interactive Balance System pre-, 6, and at 12 weeks following surgical reconstruction of the ACL using a hamstring tendon graft. The average period of time from injury to surgery was 27 days. Data were calculated with unifactorial and univariate analysis of variance. Significant effects were found for the somatosensory system (η 2 = 0.115), stability indicator (η 2 = 0.123), weight distribution index (η 2 = 0.176), and synchronization (foot coordination) (η 2 = 0.249). Involved side weight distribution (parameter: left) increased significantly (patients with left-sided/right-sided injury: η 2 = 0.234/0.272). Load distribution to the heel remained stable during all three examination periods (η 2 = 0.035 and η 2 = 0.071), although a remarkable load at forefoot was observed. In seven out of 10 parameters partial effects were seen during the first 6 weeks after surgery. The results of this study indicated that injury of the ACL and subsequent surgical reconstructions result in postural regulation, with improvements in somatosensory system function, postural stability, weight distribution index, and foot coordination. Also, overloading of the injured side on the feet reduces significantly during rehabilitation. Thus, the initial phase of rehabilitation (weeks 1 to 6) seems to be more effective than the second period (weeks 6 to 12) postoperatively.
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INTRODUCTION
Postural control requires a complex integration of sensory motor performance and can be altered by motor control anticipation, sensory taping and central recognition of balance-related physical influences, as well motion-related changes of the body's center of gravity (Di Stasi et al., 2013; Herrington et al., 2009; Lee et al., 2015; Padua et al., 2015) . Soft tissue injuries, such as anterior cruciate ligament (ACL) tears, can negatively influence postural control, as well as mechanical stability and somatosensory function (Diermann et al., 2009; Fremerey et al., 2000; Fulton et al., 2014; Ordahan et al., 2015) . This reduction in postural stability can then lead to a higher risk for secondary damage resulting in a pathological cycle (Fremerey et al., 2000; Fremerey ert al., 2006; Fulton et al., 2014; Paterno et al., 2010; Wright et al., 2007) .
The effect of a torn ACL as a sensory defect linked to postural control is still not completely understood. However, there is evidence that the ACL plays a major role in proprioceptive regulation of the knee joint (Campbell et al., 2012; Fremerey et al., 2000; Friemert et al., 2010; Konishi, 2011; Krogsgaard et al., 2011; Rao and Donoghue, 2014; Sarwary et al., 2015) . More specifically, it is responsible for feedback regarding joint position sense and motion detection (Aydoğ et al., 2006) . Because different central sensorimotor systems (visual, vestibular, and somatosensory) are involved in neuromuscular stability (Finley et al., 2012; Friemert et al., 2010; Taube et al., 2006) , any disruption of this stability requires specialized knowledge of these subsystems (Haas et al., 2006; Reed-Jones and Vallis, 2007) .
Electromyographic studies have shown altered arbitrary activity after ACL-tear, as well as partial neurological paresis (Laube, 2004) . Patients with insufficient proprioceptive feedback mechanisms have reduced function and motor control during activity (Reed-Jones and Vallis, 2007) . Strong interactions between these sensory inputs make it difficult to determine the relative contribution of each single system. Thus, specific preferential disturbances need to be investigated (Höhne et al., 2011; Nagy et al., 2004; Steinberg et al., 2016) . Vavken et al. (2008) reported that there are no evidence based postural data during the postsurgical rehabilitation of the ACL. Currently there is a lack of evidence based data describing preand postoperative altered postural regulation and stability. Overall, the importance of the ACL as the anatomic unit for proprioceptive regulation and joint stability is still unknown. However, the success of a postoperative rehabilitation is strongly related to the time necessary for a patient to return pre-injury status (Bartels et al., 2016; Bizzini and Silvers, 2014; Petersen et al., 2014) .
The purpose of this study was to compare the postural regulation and stability characteristics of participants with ACL tears based on preoperative, 6 weeks postoperative, and 12 weeks postoperative testing. It was hypothesized that postural regulation and stability would be influenced by ACL rupture, surgery and the rehabilitation process. The following specific hypotheses were tested: (a) due to ACL damage and subsequent surgery, postural stability will be decreased, (b) weight distribution (lateral and anterior-posterior) and foot coordination will be strongly unbalanced due to ACL rupture and surgery, (c) based on the sensorimotor characteristics of the rehabilitation process, the somatosensory subsystem will show the largest improvements, and (d) ACL rupture and surgery will be responsible for a reduced performance of the postural subsystems.
MATERIALS AND METHODS

Design
In accordance with Lee et al. (2015) this longitudinal study included all candidates for ACL reconstruction with a primary isolated ACL tear confirmed by magnetic resonance imaging (MRI) and physical examination (positive anterior drawer, Lachman, and/ or pivot shift tests [more than grade II]). Acute tears were defined as subjects who underwent surgery less than 3 months after injury, while chronic tears included those who underwent surgery 3 months or more following injury. The distinction was made only for the sample description. Patients with concomitant meniscus tear were excluded to eliminate bias resulting from meniscus tear. Patients with bilateral ACL injuries or associated injuries to any other ligament (i.e., the medial or lateral collateral ligament or the posterior cruciate ligament), previous injury/surgery to either knee, or any associated extra-articular lesions were excluded as well. Patients were also excluded if they were unable to perform the postural stability tests due to pain or limited motion of the knee joint. Forty-two subjects were classified as having acute ACL tears, while 12 were classified as chronic tears. The baseline demographic characteristics of the two groups were similar except for Body mass index (Table 1) .
Postural regulation and stability were assessed with the Interactive Balance System (IBS). This system has a comprehensive reference database stratified by age and gender has already been published (Schwesig et al., 2013) . Therefore, we were able to check our data by a comparable sample of reference data (age group: 30-40 years). For this reason, recruitment of an asymptomatic control group was not necessary. The reference data also corresponds to the pre-injury state of normal healthy subjects.
Subjects
Seventy-seven subjects (30 female, 44 male subjects; age: 31.5±11.3 years; range, 13-68 years; body height, 1.77±0.09 m; body mass, 80.7±16.4 kg; body mass index, 25.5±3.97 kg/m) volunteered to participate in this study. All participants provided their written consent to participate in this study after being informed of all procedures and risks. A parental or guardian consent for all young patients (age under 18 years) involved in this investigation was obtained. The patients were diagnosed with an ACL lesion verified by MRI and physical examination performed by an orthopedic surgeon. Forty-two patients (55%) had a right-sided ACL injury. Most of these tears occurred during participation during a team sport (54%) or skiing (26%). The average period from time of injury to surgery was 27 days with a significant difference (P=0.015) between acute and chronic ACL group (Table 1) .
Fifty-four of the initial 77 participants (70%) (25 female, 29 male subjects; age, 30.5±10.9 years; range, 13-61 years; body height, 1.77±0.10 m; body mass, 79.5±16.9 kg; body mass index, 25.2±3.90 kg/m) completed all examinations and underwent the standardized rehabilitative program. Therefore, the data from these 54 participants were used for analysis.
Measurements
Each participant underwent clinical investigation and three measurements with the IBS (Neurodata, Vienna, Austria) (preoperatively, 6 weeks after surgery, 12 weeks after surgery) (Fig. 1 ). Patients were assessed initially and then again 6 month postoperatively, as well as one and 2 years postoperatively in order to evaluate the entire rehabilitation process. All measurements were performed at the same time of day and in a quiet room to minimize any disruptions during testing.
The IBS system consists of four independent force plates ( Fig. 2 ) supporting the heels and forefeet in order to measure postural regulation (sampling rate, 32 Hz). Postural regulation was measured as: stability indicator (general postural stability), weight distribution index, and synchronization (foot coordination measured as relationship of vibration patterns between plates). Sway intensities at different frequency ranges were determined by fast fourier transformation (FFT) of the postural sway waves (Table 2A, B) .
Postural subsystems were associated with different functional frequency bands (F1, F2-4, F5-6, F7-8) (Table 2 ) and have been previously validated by numerous studies (Friedrich et al., 2008; Oppenheim et al., 1999; Schwesig et al., 2009; Schwesig et al., 2011) . For example the frequency band 0.01 to 0.03 Hz (F1) was validated using samples of healthy controls (n=52), Parkinson disease (n=52) and cerebellar disease patients (n=52). Variance analysis of the Parkinson group and control group revealed the largest differences in frequency range F1 or the visual and ni- grostriatal system (Schwesig et al., 2009 ). Other studies (Friedrich et al., 2008 ) have compared visually impaired subjects (n=52) and subjects with normal vision (n=52) based on IBS. The visually impaired and the control group differed significantly in the frequency range F1 (P=0.002). Consequently, the IBS is able to predict, but not measure, these risk factors by a FFT of sway in an indirect way.
All parameters (exceptions: heel and left) used in the IBS are dimensionless values. Instructions for the subjects' positions, frequency bands, and parameters of motor output (including interpretation) used in the IBS are explained in Table 2 (Schwesig et al., 2017) . Subjects were tested during a single trial (32 sec) under eight standardized test conditions (Table 2, Fig. 3 ). Each person was asked to stand upright, without shoes, on two force plates with and without pads, as stable as possible but without rigidity, and constantly look at a defined object in the horizontal plane (Schwesig et al., 2013) .
The IBS has been tested for reliability (Schwesig et al., 2017 ) and has reference data for asymptomatic subjects (Schwesig et al., 2013) . In accordance with these reliability studies (Schwesig et al., 2017) , we also used the mean values obtained in the eight test positions for all parameters. The study was approved by the local ethics committee (approval number: 2016-144).
All surgical procedures were performed by two experienced knee surgeons. A quadruple bundled hamstring-transplant (tendon of the semitendinosus muscle) with hybrid fixation and femoral bone-wedge technique was used for all participants to provide high pull-out strength (Weiler et al., 2001) .
All participants completed the same rehabilitation protocol. This protocol was divided into four phases (Table 3) . 
Statistics
An a priori power analysis (nQuery 4.0, Statistical solutions Ltd., Cork, Ireland) was performed to determine the sample size using a two-sided hypothesis test at an alpha level of 0.05 and a power of 0.8. The results of this pilot study indicated that 54 knees would be required to detect a significant mean difference of 3 (main parameter: stability indicator). Taking into account a dropout rate of 30%, we recruited 77 patients with ACL rupture initially.
Descriptive statistics, including means, standard deviations, minimums and maximums were ascertained for all parameters (e.g., synchronization, stability indicator, frequency band 1). The comparison of all pre and postexaminations were calculated with a univariate model using analyse of variance. Furthermore we calculated total effects for all parameters and over all three examinations using a general linear model. The critical level of significance was adjusted using the Bonferroni correction. After applying a Bonferroni correction, significance level (P) of 0.05 divided by the number of tests (9), differences between means were considered as being statistically significant if P-values were <0.006 or partial eta-square (η 2 ) values were greater than 0.10. Partial etasquare (η 2 ) values were provided to represent the level of clinical significance (Vincent, 2005) . All statistical analyses were performed using IBM SPSS Statistics ver. 25.0 (IBM Co., Armonk, NY, USA).
RESULTS
We found significant longitudinal improvements in four (somatosensory system, stability indicator, weight distribution index, and synchronization) parameters (Table 4 ). The frequency range F5-6 (somatosensory system) was the only postural subsystem that changed. The largest improvement in the somatosensory performance was observed between preoperative and 6 weeks postoperative (η 2 =0.108). The same improvements in performance, between pre and 6 weeks postoperative testing, were detected for the stability indicator (η 2 =0.100) and weight distribution index (η 2 =0.123). Synchronization was the parameter with the largest improvement over the total time of examination (12 weeks). Improvements in synchronization were found between pre-and 6 weeks postoperative (η 2 =0.171) and between 6 weeks and 12 weeks postoperative (η 2 =0.166). Regarding weight distribution to the injured/noninjured leg only weight distribution in the lateral direction was influenced (parameter left). A significant increase in load was placed on the injured side throughout the postoperative test sessions (Table 5 ). This effect was slightly more pronounced in the patients with right-sided ACL injury (total effect: η 2 =0.234 vs. 0.272). There were no significant differences (interaction effects) between the acute and chronic ACL tear groups concerning any posturographic parameters. The largest interaction effect was detected for the peripheral-vestibular system (F2-4) and between 6 to 12 weeks postoperative (P=0.033, η 2 =0.085). Moreover, there were no group differences in any postural parameters.
The anterior-posterior weight distribution was not changed in either samples over the 12 weeks. It is conspicuous that patients with left-sided ACL injury stand significantly more on the forefoot than patients with right-sided ACL injury (39% vs. 43%). The difference increased with the progressive rehabilitation process (exam 1, η 2 =0.047; exam 2, η 2 =0.067; exam 3, η 2 =0.078).
DISCUSSION
The influence of ACL-surgery on postural balance and regulation is lacking and controversial (Howells et al., 2011) . In particular there are few studies that have investigated postural performance prior to and following reconstruction of the ACL. Therefore, it has remained unclear, if surgery is able to restore postural control (Palm et al., 2015) . In addition previous literature has raised concerns regarding incomplete knowledge about postural subsystems related to neuromuscular stabilization in the lower extremities (Finley et al., 2012; Friemert et al., 2010; Peterka, 2002; Taube et al., 2006) . Our investigation provides valuable information regarding the influence of ACL reconstructive surgery for reestablishing postural control. Four major findings emerge from our study: (a) rupture of the ACL has the largest influence regarding postural stability (36%), weight distribution (difference to reference data: 69%), and foot coordination (30%); (b) following ACL reconstruction, we observed the largest recovery in load distribution to the injured side (η 2 -range, 0.23-0.27) and foot coordination (η 2 =0.25); (c) for the postural subsystems, only the somatosensory system showed a significant improvement (η 2 =0.12) during the rehabilitation process; (d) the forefoot-hindfoot ratio (parameter: heel) is the only parameter that showed deterioration during the rehabilitation process. For the postural subsystems, reduction in performance ranged closely between 13% (somatosensory system) to 18% (visual/nigrostriatal system). Brattinger et al. (2013) reported a 25% reduction in postural stability following an ACL-tear. Other research has shown that the postural stability (stability indicator) decreases with age (36%) among asymptomatic subjects (Schwesig et al., 2013) . A deviation between 5% (heel load distribution, patients with right-sided ACL injury; 47% vs. 44.7%) to 69% (weight distribution index; 5.11 vs. 8.63) was determined for postural performance between asymptomatic subjects (Schwesig et al., 2013) and patients following ACL-surgery. The performance of all postural subsystems was reduced as a result of ACL rupture and surgery. In contrast to the literature, which has shown multiple postulated decreases in proprioceptive capacity (Brattinger et al., 2013; Palm et al., 2015) , we found the lowest reduction in the somatosensory system (13%). Twelve weeks after surgery patients in our study achieved the same level of somatosensory function as the healthy subjects in this previous research (3.49 vs. 3.48) . This partially underscores the study of Fremerey et al. (1998) , when a large deterioration of proprioception occurred shortly after ACL-injury and was not able to be completely restored despite long-term and intense rehabilitation.
As expected, our subjects demonstrated an increased weight bearing ability of the injured limb throughout the rehabilitation process. However, no change was observed in anterior-posterior weight distribution. More specifically, there was an increased load distribution to the forefoot for all three testing periods. The higher load on the forefoot after ACL-tear and reconstruction is presumably a result of a quadriceps muscle avoidance pattern. Shimokochi et al. (2013) reported that patients with ACL injuries may present with an increased forward lean to assist with decreasing the anterior shear force on the ACL and subsequent activation of the quadriceps. Our findings of a greater load distribution to the forefoot would support this theory. Palm et al. (2015) reported a 21% increase in postural stability after an average of 608 days ACL reconstruction. The postural stability of our subjects improved by 14% after 3 months. However, differences in methodology (IBS vs. Biodex Stability System) make an actual comparison of these studies difficult. Brattinger et al. (2013) concluded that established clinical practice scores and questionnaires (i.e., Western Ontario and McMaster Universities Osteoarthritis Index, Knee injury and osteoarthritis outcome score, Knee Society Score, Lysholm Knee Scoring Scale, Visual Analogue Scale for subjective instability) are unsuitable for estimation of postural stability deficits following an ACL-injury. Clinical examination and postoperative anamnesis do not rely on a valid assessment for the postural stability after surgery, so these authors postulated the computerized dynamic posturography as the gold standard. This underscores the value of our results and supports the necessity to implement postural assessment devices in clinical practice.
A limiting factor in this examination was the small number of comparable studies. This was the first longitudinal investigation using the IBS among subjects prior to and following ACL reconstruction. This impeded the discussions on the data, but at the same time reflected the unique design of the study. Future studies are needed to establish clinical scores and assessments using a longitudinal study design to validate the new postural assessment and parameters and to enable discussions on its clinical relevance. We must also point out that the participants' rehabilitation was standardized. However, the participants' rehabilitations were not performed under the care of the investigators, so we cannot verify that each protocol was followed precisely as prescribed. The comparison of the preoperative values with reference data of the same age is limited, because of independent samples. Otherwise, it is a large advantage of the IBS to provide age and gender stratified reference data for all parameters. Future research should also address screening tests using the IBS among uninjured athletes in order to generate individual reference data.
This study demonstrates the increased postural control of patients with an ACL-tear following reconstructive surgery. In particular the postulated, but not evidence based consequences for the sensorimotor system, especially proprioception, were shown and calculated. The IBS-device offers a valuable assessment tool for determining postural regulation during ACL rehabilitation, even for postural subsystems. Future research should objectively and longitudinally evaluate perspective postural regulation during rehabilitation. The special value of this study is the fact that for the first time the significance of the ACL rupture as well as subsequent treatment (surgery, rehabilitation) with regard to postural regulation was investigated by means of a sufficiently large cohort in a longitudinal design. The isolated orthopedic view (flexibility, strength, pain), as it dominates so far, should be replaced by a more holistic approach.
